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Background: The central carbon metabolism 

is important for bacterial survival and fitness. 

Results: Isotopologue experiments identified 

amino acid biosynthesis pathways of 

pneumococci. 

Conclusion: The analysis of the carbon 

metabolism in pneumococci identified an 

unconventional pathway to synthesize serine.  

Significance: Understanding the metabolism 

of pathogens is critical to gain insights into the 

adaptation strategies and to identify new drug 

targets.  

 
SUMMARY 

The metabolism of Streptococcus 

pneumoniae was studied by isotopologue 

profiling after bacterial cultivation in 

chemical defined medium supplemented 

with [U-
13

C6]- or [1,2-
13

C2]glucose. GC/MS 

analysis of protein-derived amino acids 

showed lack of 
13

C-label in amino acids 

which were also essential for pneumococcal 

growth. Ala, Ser, Asp and Thr displayed 

high 
13

C-enrichments, while Phe, Tyr and 

Gly were only slightly labeled. The analysis 

of the labeling patterns showed formation of 

triose phosphate and pyruvate via the 

Embden-Meyerhof-Parnas pathway. The 

labeling patterns of Asp and Thr suggested 

formation of oxaloacetate exclusively via the 

PEP carboxylase reaction. Apparently, 

α-ketoglutarate was generated from 

unlabeled glutamate via the aspartate 

transaminase reaction. A fraction of Phe 

and Tyr obtained label via the chorismate 

route from erythrose-4-phosphate, 

generated via the pentose phosphate 

pathway, and phosphoenol pyruvate. 

Strikingly, the data revealed no significant 

flux from phosphoglycerate to Ser and Gly, 

but showed formation of Ser via the reverse 

reaction, namely by hydroxymethylation of 

Gly. The essential Gly was acquired from 

the medium and the biosynthesis pathway 

was confirmed in experiments using 

[U-
13

C2]glycine as a tracer. The 

hydroxymethyl group in Ser originated 

from formate which was generated by the 

pyruvate formate lyase. Highly similar 

isotopologue profiles were observed in 

corresponding experiments with 

pneumococcal mutants deficient in PavA, 

CodY, and glucose-6-phosphate 

dehydrogenase pointing to the robustness of 

the core metabolic network used by these 

facultative pathogenic bacteria. In 

conclusion, this study demonstrates the dual 

utilization of carbohydrates and amino 

http://www.jbc.org/content/286/47/40693.abstract?etoc#aff-3
http://www.jbc.org/content/286/47/40693.abstract?etoc#aff-3
http://www.jbc.org/content/286/47/40693.abstract?etoc#aff-3
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acids under in vitro conditions and identifies 

the unconventional de novo biosynthesis of 

serine by pneumococci. 

 

The Gram-positive pathogen 

Streptococcus pneumoniae (pneumococcus) 

resides asymptomatically as harmless 

commensal in the upper respiratory tract of 

human (1). However, pneumococci cause also 

severe and life-threatening diseases including 

otitis media, pneumonia, septicemia, and 

meningitis, respectively (2-4). Similar to other 

pathogenic bacteria pneumococci have evolved 

sophisticated strategies to adhere to host cells, 

escape the host complement system and to 

resist the immune responses (3,5-7). It has 

been reported that the regulation of virulence 

determinants such as e.g. capsular 

polysaccharides or toxins is negatively 

regulated in nutrient rich environments, while 

adhesins are positively regulated (8). 

Compared to the aspects of virulence only little 

attention has been paid to the physiology and 

metabolism of pathogenic bacteria although 

the metabolism under in vivo conditions was 

shown to be profoundly different from that 

under in vitro and defined culture conditions 

(9). In addition, the liaison between bacterial 

metabolism and virulence has been indicated 

for several pathogenic bacteria including e.g. 

Listeria, Legionella, Mycobacteria, 

Staphylococci, and pneumococci (8,10-16). 

Bacterial fitness is closely linked to the ability 

of the bacteria to take up and catabolize 

nutrients provided by the respective host niche 

or a de novo synthesis of amino acids as they 

need energy and carbon for growth and 

replication. Pneumococci encounter different 

host niches during pathogenesis, which differ 

significantly in temperature, oxygen, pH 

values, and disposability of nutrients. 

Consequently the pneumococcal physiology 

has to adapt to these various physiological 

conditions to ensure fitness and virulence 

factor expression.  

A possibility to provide further insights 

into the conditions required for optimal growth 

of pneumococci in the host and their 

physiology is the elucidation of metabolic 

pathways and metabolic fluxes during 

catabolism of utilized carbon sources. While 

the genome data can be used to postulate 

breakdown of nutrients by enzymatic reactions, 

uptake systems of pneumococci, and 

hypothetical metabolic pathways, the method 

of isotopologue profiling offers a possibility to 

observe directly metabolic processes such as 

the biosynthesis of amino acids (11). 

Pneumococci are endowed with a large number 

of enzymes and transporters systems involved 

in uptake of carbohydrates, amino acids and 

other compounds. Thirty percent of the 

pneumococcal transporter systems including 

ATP-binding cassette (ABC) transporters and 

classical phosphotransferase systems are 

theoretically involved in uptake of 

approximately twelve different carbohydrates, 

which can be metabolized via the Embden-

Meyerhof-Parnas (EMP) pathway (glycolysis) 

or the pentose phosphate pathway (PPP) (17-

19). Pneumococcal growth depends on 

carbohydrates and compared to other 

respiratory pathogens such as Haemophilus 

influenzae and Neisseria meningitidis, S. 

pneumoniae can metabolize a wider range of 

carbohydrates (19). The importance of these 

transport systems for pneumococcal fitness and 

virulence has been demonstrated in numerous 

studies (15,20-24).  

Pneumococci are members of the order of 

lactobacillales and consequently the major 

catabolite of carbohydrate metabolism under 

microaerophilic conditions is lactate. The 

lactate dehydrogenase converts pyruvate to 

lactate and regenerates NADH to NAD
+
. 

Further enzymes are available 

(phosphotransacetylase, acetokinase and 

NADH-oxidase) to catabolize pyruvate into 

acetate by an ATP gaining reaction (17). The 

analyses of pneumococcal genomes revealed 

the lack of genes encoding enzymes of the 

Entner-Doudoroff pathway (ED), the Krebs 

cycle (TCA, tricarboxylic acid cycle) or the 

electron transport chain for aerobe and 

anaerobe respiration. Moreover, pneumococci 

have not the capacity to synthesize de novo all 

of the twenty amino acids. Instead, the genome 

analysis revealed incomplete pathways for the 

biosynthesis of Cys, Gly, Gln, Glu, His and 

probably of Lys and Pro (17,19). To overcome 

this deficiency pneumococci produce cell wall-

located peptidases and proteases to digest 

proteins, and transporters for uptake of amino 

acids and oligopeptides (15,25,26).  

The metabolism of pneumococci is 

regulated by global nutritional regulators such 

as CodY and catabolite control protein A 

(CcpA). Their role in pneumococcal fitness 

and virulence has been reported (27,28). 

Targets of CodY include operons involved in 

branched-chain amino acid (BCAA) 

metabolism and general amino acid 



 3 

metabolism such as the ilv operon which 

encodes enzymes that condense threonine and 

pyruvate or two pyruvates into branched-chain 

keto acids, precursors of BCAAs. Recently, the 

involvement of CodY in controlling the rate of 

synthesis of its own co-effectors, BCAA, has 

been reported, demonstrating that the 

endogenous amount of BCAA serves as a 

signal for CodY-mediated gene regulation 

(29).  

In this study isotopologue profiling was 

applied for the first time to decipher the 

metabolic pathways in pneumococci cultured 

in chemical defined medium with glucose as 

carbon source. The 
13

C isotopologue patterns 

in amino acids from [U-
13

C6]- or [1,2-
13

C2]glucose as precursors identified the EMP 

(glycolysis) as the predominant metabolic 

pathway to catabolize glucose and revealed the 

pathways to the de novo synthesized amino 

acids in S. pneumoniae.  

 

 

EXPERIMENTAL PROCEDURES 

Strains, culture conditions, 

transformations, and antibiotics  — 

Streptococcus pneumoniae D39 (serotype 2; 

NCTC7466) and isogenic mutants D39∆cps, 

D39∆cps∆pavA, D39∆cps∆codY and 

D39∆cps∆zwf (Table 1) were cultured to mid-

log phase in Todd-Hewitt broth (Oxoid, 

Basingstoke, England) supplemented with 

0.5% yeast extract (Roth, Karlsruhe, Germany; 

THY), in chemical defined medium (CDM; for 

details see supplemental Table S1) (30,31) or 

grown on Columbia blood agar plates at 37°C, 

5% CO2 (Oxoid). Escherichia coli strains used 

in cloning procedures (Table 1) were cultured 

on Luria-Bertani (LB) agar or in LB broth. 

Transformation of E. coli and pneumococci 

was conducted by standard protocols described 

recently (32). Pneumococcal mutants were 

cultured in the presence of the appropriate 

antibiotics: chloramphenicol (8 µg ml
-1

), 

erythromycin (5 µg ml
-1

), kanamycin (150 µg 

ml
-1

) and/or spectinomycin (50 µg ml
-1

). 

 

Primers, plasmids and molecular DNA 

techniques - Primers and plasmids that were 

used in this study are provided in Table 1 and 

Table S2 in the supplement. Chromosomal 

DNA used as template in PCR reactions was 

isolated and purified using the Qiagen 

Genomic Tip 100/G kit (Qiagen, Hilden, 

Germany). The DNA was amplified by PCR 

using the AmpliTaq Gold
®
 DNA polymerase 

(Perkin-Elmer) and PCR reactions were 

subjected to denaturation at 94°C, 30 cycles of 

94°C, primer annealing for 1 min, and 

elongation at 72°C. PCR products were 

purified using the PCR DNA purification kit 

(Qiagen) and plasmids were extracted 

according to the QIAprep Spin Midi/Maxiprep 

Kit protocol. Pneumococcal RNA isolation and 

purification for reverse transcription (RT)-PCR 

was conducted using the RNeasy Mini Kit 

including a DNase digestion step using the 

RNase-Free DNase Set (Qiagen) as described 

(15). For RT-PCR reactions 5 to 10 µg RNA 

(calculated using the NanoDrop® ND-1000) 

were incubated with 10 nmol dNTP in 20 µl 

RNase free water for 5 min at 65°C, kept on 

ice for  1 min and then 4 µl First strand Buffer 

(5x), 1 µl random primers (pd(N)6; GE 

Healthcare), 1 µl DTT (0.1 M), 1 µl RNasin 

(Promega) and 1 µl SuperScript
®
 III Reverse 

Transcriptase (Invitrogen) were added to 

amplify cDNA. The cDNA was employed as 

template in the PCR reactions and control 

PCRs were conducted with genomic DNA and 

total RNA as template. 

 

Construction of pneumococcal mutants – 

Pneumococcal mutants used and constructed in 

this study are all in the D39cps (non-

encapsulated serotype 2) genetic background 

(33). The double-mutant D39∆cps∆pavA, 

lacking the capsule and the virulence factor 

PavA, has been described (34,35). The mutant 

deficient in the global regulator CodY and 

glucose-6-phosphate-dehydrogenase (G6PD), 

encoded by zwf, were constructed by applying 

the insertion deletion mutagenesis strategy 

(15,16). Briefly, the 1820 bp DNA-fragment 

comprising the codY ORF (spd_1412) 

including 5´ and 3´prime regions was 

amplified by PCR using primers 

codYfw/codYrev and D39 chromosomal DNA 

as template. The PCR product was cloned 

directly into the pGEM-T easy vector 

(Invitrogen), resulting in plasmid pGcodY 

(pG619). By inverse PCR with primers 

codY_revinv/codY_fwdinv incorporating a 

BamHI and HindIII restriction site, a 674 bp 

DNA fragment of the codY ORF was deleted. 

The erythromycin resistance gene cassette 

ermB, amplified by PCR using primers Eryfor-

ClaI/Eryrev-ClaI and plasmid pJDC9 (36) as 

template, was digested with BamHI/HindIII 

and cloned into similarly digested pGcodY, 

resulting in plasmid pGcodY::ermB (pG620). 

To generate the D39∆cps∆zwf (kan
R
; 
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spec
R
 (aad9)) mutant in our used D39 strain, 

mutant D39∆cps∆zwf (kindly provided by 

W.T. Hendriksen and P.W.M. Hermans, 

Rotterdam/Nijmegen, The Netherlands) (27) 

was used as DNA-template for a PCR reaction 

with primers zwffw/zwfrev. S. pneumoniae 

D39∆cps was transformed with pGcodY::ermB 

or the PCR product zwf::aad9 as described 

previously (37). The integrity of the antibiotic 

resistance cassettes in pneumococcal mutants 

ΔcodY and Δzwf was verified by PCR (data not 

shown). 

 
13

C Isotopologue labeling experiments — 

In all experiments, pneumococci were thawed 

on blood agar and incubated overnight at 37°C 

and 5% CO2. To ensure fitness of pneumococci 

before using the bacteria to inoculate a 50 ml 

CDM preculture, an additional 10 h culture 

step was conducted on new blood agar plates. 

The starting OD600 in the preculture was 0.07 

and the labeling experiment was started by 

inoculation of 500 ml CDM supplemented with 

55.5 mM of [U-
13

C6]glucose, 27.8 mM of [1,2-
13

C2]glucose or 1.33 mM of [U-
13

C2]glycine 

with pneumococci cultured to OD600 0.5 in the 

preculture. All  experiments with [
13

C]glucose 

were performed in the absence of [
12

C]glucose. 

The optical density was measured at regular 

intervals and pneumococcal growth was 

stopped at mid-log phase, meaning an OD600 of 

0.5. To eliminate the possibility of 

contamination, a defined aliquot of bacteria 

was incubated on blood agar plates and 

monitored for contamination after 14 h at 37°C 

and 5% CO2. Pneumococci were killed with 10 

mM sodium azide and sedimented at 5250 x g 

at 5°C for 15 min. The bacteria were washed 

with 40 mM Tris/HCl pH 7.4, the supernatant 

discarded and bacteria were autoclaved at 

120°C for 20 min.  

 

Protein hydrolysis and amino acid 

derivatization — The bacterial cells were 

resuspended in 6 M hydrochloric acid and 

heated at 105°C for 24 h under an inert 

atmosphere. The hydrolysate was placed on a 

cation exchange column of Dowex 50Wx8 (H
+
 

form, 200–400 mesh, 5 x 10 mm) that was 

washed with 70%-methanol and water and 

developed with 4 M ammonium hydroxide. An 

aliquot of the eluate was dried under a stream 

of nitrogen, and the residue was dissolved in 

50 µl of water-free acetonitrile. A mixture of 

50 µl of N-(tert-butyldimethylsilyl)-N-methyl-

trifluoroacetamide containing 1% tert-

butyldimethylsilylchloride (Sigma) was added. 

The mixture was kept at 60°C for 30 min. The 

resulting N-(tert-butyldimethylsilyl) 

(TBDMS)-amino acids were then analyzed by 

GC/MS. 

 

Amino acid quantification — 

Pneumococci of a 200 ml CDM culture were 

resuspended in 1 ml of 6 M HCl and protein 

hydrolysis was carried out for 24 h at 100°C. 

The samples were neutralized with 6 M NaOH 

and prior to quantitative 
1
H-NMR analysis the 

suspension was sterilized using a 0.22 µm 

Rotilabo
®
-syringe filter (Roth, Karlsruhe, 

Germany). All NMR spectra were obtained at 

600.27 MHz at a nominal temperature of 310 

K on a Bruker AVANCE-II 600 NMR 

spectrometer operated by TOPSPIN 2.1 

software (both Bruker Biospin, Rheinstetten, 

Germany) as described (38). 

 

Mass Spectrometry — GC/MS analysis 

was performed on a GC-QP2010 Plus 

(Shimadzu, Duisburg, Germany) equipped 

with a fused silica capillary column (Equity 

TM-5; 30 m x 0.25 mm, 0.25 µm film 

thickness; SUPELCO, Bellefonte, PA). The 

mass detector worked with electron impact 

ionization at 70 eV. An aliquot (1 µl) of a 

solution containing TBDMS amino acids was 

injected in a 1:10 split mode at an interface 

temperature of 260°C and a helium inlet 

pressure of 70 kPa. The column was developed 

at 150°C for 3 min and then with a temperature 

gradient of 10 °C/min to a final temperature of 

280°C that was held for 3 min. Data were 

collected using the LabSolutions software 

(Shimadzu, Duisburg, Germany). Selected ion 

monitoring data were acquired using a 0.3-s 

sampling rate. Samples were analyzed at least 

three times. The overall 
13

C excess and the 

relative contribution of isotopomers were 

computed according to (39). 

 

 

RESULTS 

Influence of amino acids deprivation on 

pneumococcal growth under standardized 

conditions – Pneumococci can be cultured in 

CDM, a medium which can be employed to 

investigate usage of carbon sources or the 

necessity for individual amino acids. By 

omitting separately one of the 20 amino acids, 

we showed that pneumococci are most likely 

auxotrophic for Arg, Cys, His, Gly, Gln, and 

the branched-chain amino acids (BCAA) Ile, 
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Leu, and Val. In contrast, lack of Thr, Ser, 

Asn, Asp, Ala, aromatic amino acids, or Lys 

did not affect growth under in vitro conditions 

(Fig. 1). As the growth characteristic in CDM 

depleted of Thr, Ser and Asn were unchanged 

compared to complete CDM, these uncharged 

but polar amino acids are non-essential for the 

pneumococcal growth in the presence of 

glucose as carbon source, while Gln is 

essential (Fig.1A). The charged amino acids, 

Asp and Lys are non-essential amino acids for 

pneumococci, while Arg and His are 

absolutely required for growth and the absence 

of Glu reduces pneumococcal fitness in CDM 

(Fig. 1B). Pneumococci produce ABC uptake 

systems for BCAA referred to as LivJGHMF 

(40). However, the bioinformatic analysis of 

the genomes (D39 and TIGR4) suggest that 

pneumococci are also able to synthesize 

branched amino acids out of pyruvate and Thr 

with the key enzymes acetolactate synthase 

[2.2.1.6] and branched-chain-amino-acid 

transaminase [2.6.1.42] encoded by spd_0404 

(ilvB) and spd_0749 (ilvE), respectively (D39: 

http://www.genome.jp/dbget-bin/www_ 

bget?gn:T00413 and TIGR4: 

http://www.genome.jp/dbget-bin/www_ 

bget?gn:T00057). However, under the defined 

conditions used for isotopologue profiling 

pneumococci use preferentially BCAA uptake 

systems as indicated by the necessity of Ile, 

Val, and Leu as supplements in CDM (Fig. 

1C). Out of the nonpolar amino acids Gly, Ala, 

and heterocyclic Pro, only Gly is essential, 

while lack of Pro has a growth limiting effect 

and Ala is a non-essential amino acid (Fig. 

1D). Within the sulfur containing amino acids, 

pneumococcal growth is decelerated in the 

absence of Met, while Cys is essential under 

these in vitro conditions (Fig 1E).  Finally, the 

aromatic amino acids are not required for 

pneumococcal growth (Fig 1F).  

 

Identification of amino acids synthesized 

de novo by S. pneumoniae – To investigate the 

de novo synthesis of amino acids by S. 

pneumoniae D39∆cps cultured in CDM with 

glucose as carbon source, the carbon 

metabolism was analyzed by 
13

C isotopologue 

profiling. Pneumococci were grown in CDM 

containing [U-
13

C6]glucose (55.5 mM) and the 
13

C incorporation into protein-derived amino 

acids was measured by GC/MS after reaching 

an OD600 of 0.5. The
 13

C excess was displayed 

in a logarithmic colormap with values between 

0 mol% (dark blue) – 90 mol% (red) (Fig. 2A; 

for numerical values see supplemental Table 

S3). It has to be mentioned that 
13

C-labeling of 

amino acids Arg, Asn, Gln, Met, and Trp is not 

detectable due to their degradation during the 

acidic treatment of protein hydrolysis. The data 

revealed that none of the amino acids essential 

for pneumococcal growth in CDM had any 
13

C-labeling (Fig. 2A and B). The apparent 

lack of 
13

C-labeling in Glu, Pro, and Gly 

suggested that pneumococci are auxotrophic 

for these amino acids. In accordance with the 

requirement for Val, Leu, and Ile for 

pneumococcal growth in CDM, none of the 

BCAAs was 
13

C-labeled. However, the 

following amino acids were labeled in the 

order Ala (87.2% overall 
13

C excess) > Ser 

(71.3%) > Thr (56.8%) > Asp (39.5%) > Phe 

(2.2%) > Tyr (1.0%) (Fig. 2A). From these 

data and the underlying isotopologues 

compositions, a schematic metabolic model of 

amino acids transport and de novo synthesis 

pathways in S. pneumoniae is derived (Fig. 

2B). The measured 
13

C-labeling patterns 

demonstrated that glucose is catabolized via 

the Embden-Meyerhof-Parnas pathway (EMP) 

and pentose phosphate pathway (PPP). The 

isotopologue profile revealed further that Asp 

is not synthesized via the general pathway 

including pyruvate and acetyl-CoA. Instead, 

oxaloacetate is synthesized from 

phosphoenolpyruvate (PEP) and CO2 by the 

PEP carboxylase (PPC), demonstrating one 

aspect of CO2 consumption for pneumococcal 

growth. Oxaloacetate is then converted into 

Asp, while simultaneously the essential 

glutamate is converted into α-ketoglutarate. 

These reactions are catalyzed by the aspartate 

transaminase (Fig. 2B, Fig. 3A). It is 

noteworthy, that pneumococci lack all 

enzymes of the tricarboxylic acid (TCA) cycle 

(Krebs-Cycle) and the Entner-Doudoroff (ED) 

pathway. Completely labeled aromatic amino 

acids such as Phe and Tyr are synthesized from 

erythrose-4-phosphate and two molecules of 

PEP via the intermediate chorismate (Fig. 2B, 

Fig. 3B).  

The expression of genes encoding 

important metabolic enzymes involved in 

processes depicted in the schematic model in 

Fig. 2B was assessed by reverse transcription -

PCR to confirm the genetic basis of the de 

novo synthesis pathways. The results 

confirmed the expression of ilvB, ilvE, glyA, 

ppc, aroC, aspC, zwf, and eno in the non-

encapsulated D39cps and its isogenic mutants 

deficient for the virulence factor PavA 

http://www.genome.jp/dbget-bin/www_%20bget?gn:T00413
http://www.genome.jp/dbget-bin/www_%20bget?gn:T00413
http://www.genome.jp/dbget-bin/www_%20bget?gn:T00057
http://www.genome.jp/dbget-bin/www_%20bget?gn:T00057
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(SPD_0854), G6PDH (Zwf; SPD_1100), or 

metabolic regulator CodY (SPD_1412) (Fig. 

2C). 

 

Reconstruction of the de novo synthesis of 

alanine, aspartate and threonine by 
13

C- 

isotopologue profiling – Reconstruction of the 

anabolic amino acid synthesis pathways 

revealed that pneumococci synthesize alanine 

through conversion of pyruvate into alanine by 

transamination of pyruvate. The labeling 

patterns of PEP, pyruvate and Ala were 

dominated by the universally 
13

C-labeled 

isotopologue when pneumococci were cultured 

in CDM supplemented with [U-
13

C6]glucose.  

Specifically, 87.2 ± 5.5 mol% of Ala was 
13

C3-

labeled demonstrating its formation from the 

supplied [U-
13

C6]glucose via [U-
13

C3]PEP and 

[U-
13

C3]pyruvate (Fig. 2). Approximately 10% 

of Ala was not labeled, which points to some 

additional uptake of unlabeled Ala from the 

medium via a transport system.  It is plausible 

that the sodium:alanine symporter (SPD_0372) 

of pneumococci mediates Ala uptake. The [U-
13

C3]-labeled PEP is converted into [U-
13

C3]pyruvate by dephosphorylation of PEP via 

the pyruvate kinase (pyk, SPD_0790 

[2.7.1.40]) and the final formation of [U-
13

C3]Ala is catalyzed by the alanine 

transaminase (alaT, SPD_1791, [2.6.1.2]) 

which transfers the amino group of Glu to 

pyruvate (Fig. 3A). This results in universally 
13

C3-labeled Ala and unlabeled α-ketoglutarate 

as glutamate was taken up from the medium.  

The proportion of 
13

C3-labeled Asp, which 

is synthesized in a two-step reaction from PEP, 

is 39.5 ± 9.4 mol% (Fig. 2). In a first reaction 

the PEP carboxylase (ppc, SPD_0953 

[4.1.1.31]) carboxylates [U-
13

C3]PEP to [1,2,3-
13

C3]oxaloacetate. Hence, oxaloacetate 

contains three 
13

C-labeled atoms from PEP and 

one unlabeled carbon due to fixation of CO2, 

which is derived from the environment (Fig. 

3A). This pathway is similar to the PEP 

carboxylation in Enterococcus faecalis (41-

43). In a second transamination reaction the 

aspartate transaminase (aspC, SPD_1373, 

[2.6.1.1]) converts [1,2,3-
13

C3]oxaloacetate 

into [1,2,3-
13

C3]Asp and thereby unlabeled 

glutamate into α-ketoglutarate, which is 

therefore unlabeled. In the AspC catalyzed 

reactions the L-amino group of glutamate is 

transferred to oxaloacetate and this forms 

aspartate and α-ketoglutarate (Fig. 3A). 

Glutamate is the dominant amino acid formed 

from glutamine, which is one of the essential 

amino acids (Fig. 1) and taken up by specific 

ABC transporter systems (15,26). Threonine 

showed a corresponding labeling pattern with 

56.8 mol% of a [1,2,3-
13

C3]-isotopologue. This 

is in line with Thr biosynthesis from aspartate 

via several catalytic reactions and homoserine 

as an intermediate. The genes encoding the 

essential enzymes aspartate-kinase 

(SPD_0377), aspartate-semialdehyde 

dehydrogenase (asd, SPD_0900), homoserine 

dehydrogenase (hom, SPD_1195), homoserine 

kinase (thrB, SPD_1194), and threonine 

synthase (thrC, SPD_1877) are annotated in 

the pneumococcal genomes (17). 

 

De novo synthesis of aromatic amino 

acids from [U-
13

C6]glucose – In general, 

aromatic amino acids of microorganisms are 

synthesized via the shikimate pathway (44). 

Classically, PEP and erythrose-4-phosphate are 

the starting reactants and assembled to 

generate in seven metabolic steps the precursor 

chorismate. All enzymes of the shikimate 

pathway are encoded by pneumococci (data 

not shown), which is in accordance with the 

finding that pneumococci can be cultured in 

the absence of Phe, Trp, and Tyr (Fig. 1). [U-
13

C4]Erythrose-4-phosphate is generated in the 

experiment with [U-
13

C6]glucose in the PPP 

with glucose-6-phosphate dehydrogenase (zwf, 

[1.1.1.49]) as central enzyme (Fig. 2C and 3B). 

As mentioned above, PEP, as an intermediate 

of the EMP, is also triple labeled in the same 

experiment. The ultimate enzyme required to 

generate chorismate in three enzymatic 

reactions from shikimate, is the chorismate 

synthase (aroC, SPD_1208, [4.2.3.5]). Using 

completely 
13

C-labeled precursors [U-
13

C10]chorismate is formed (Fig. 3B). 

Chorismate is converted by chorismate mutase 

(SPD_1151, [5.4.99.5]) to prephenate and after 

two additional reactions Phe and Tyr are 

produced (Fig. 3B). The fraction of universally 
13

C-labeled Phe or Tyr is relatively low with 

2.2 mol% and 1.0 mol%, respectively. These 

results demonstrate that uptake of aromatic 

amino acids is preferred by S. pneumoniae 

(45).   

 

Hypothetical synthesis pathway of the 

branched amino acids – Pneumococci cultured 

in CDM are auxotrophic for branched-chain 

amino acids (Fig. 1C) and the isotopologue 

experiments showed no 
13

C-labeling of BCAA, 

confirming that Ile, Leu, and Val are indeed 

taken up by the ABC transporter LivJHMGF 
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under these in vitro conditions (40). However, 

analysis of pneumococcal genomes revealed 

the presence of genes encoding all enzymes 

required to synthesize BCAA with Thr and 

pyruvate, respectively, as precursors 

(http://www.genome.jp/kegg-bin/show_ 

pathway?spd00290) as shown in figure 4. 

Without going into the details of BCAA 

synthesis, the genes encoding threonine 

dehydratase (ilvA, SPD_0409, [4.3.1.19]), 

acetolactate synthase (ilvB, SPD_0404, 

[2.2.1.6]), ketol-acid reductoisomerase (ilvC, 

SPD_0406, [1.1.1.86]), dihydroxy-acid 

dehydratase (ilvD, SPD_1956, [4.2.1.9]), and 

BCAA transaminase (ilvE, SPD_0749, 

[2.6.1.42]) were identified in the 

pneumococcal genomes and RT-PCR analysis 

indicated the expression of ilvB and ilvE (Fig. 

2C). The functional activity of these enzymes 

and the conditions under which pneumococci 

conduct a de novo synthesis are unknown yet 

and require in depth analysis. 

  

Serine biosynthesis by hydroxymethylation 

of glycine is linked with the pyruvate formate 

lyase reaction – Non-essential serine is 

typically synthesized in bacteria from 3-

phosphoglycerate in three steps via NAD
+ 

and 

glutamate, which is required for transamination 

of 3-phosphohydroxy-pyruvate. The product 3-

phosphoserine is then hydrolyzed resulting in 

serine. In a catabolic reaction, serine is 

deaminated to pyruvate or decomposed to 

glycine and a hydroxymethyl group to 

replenish the one carbon pool by generating 

N
5
,N

10
-methylene tetrahydrofolate (5,10-

MTHF) (46). On this basis, one would expect 

the formation of [U-
13

C3]Ser and [U-
13

C2]Gly 

in the experiment with [U-
13

C6]glucose. 

Strikingly, unlabeled Gly and 
13

C1-Ser (71.3% 
13

C), but no significant amounts of [U-
13

C3]Ser 

or [U-
13

C2]Gly were detected. These data 

suggested that Ser, which is not essential for 

pneumococcal growth (Fig. 1A), is very 

efficiently synthesized from (unlabeled) Gly 

by hydroxymethylation using a one carbon 

precursor which acquired 
13

C-label from [U-
13

C6]glucose at high rates (Fig. 5A and B). 

Glycine, an essential amino acid for 

S. pneumoniae (Fig. 1D) and most likely 

assimilated by a glycine transporter system 

(proVWX; SPD_1642/1643), showed an 

almost 100% unlabeled state in experiments 

with [U-
13

C6]glucose and [1,2-
13

C2]glucose, 

respectively. The hydroxymethylation of 

assimilated Gly was confirmed in experiments 

using 1.33 mM [U-
13

C2]glycine as a tracer 

(Fig. 5A and C; for numerical values see 

supplemental Table S4). The enzyme required 

for this reaction is the serine 

hydroxymethyltransferase (SHMT; [2.1.2.1]) 

and the expression of the SHMT encoding 

gene glyA (SPD_0910) in pneumococci was 

shown by RT-PCR (Fig. 2C). The SHMT 

catalyzes the conversion of 5,10-MTHF to 

tetrahydrofolate (THF) and the generated 

hydroxymethyl group is transferred to glycine 

which results in serine. In the presence of [U-
13

C6]glucose the hydroxymethyl group derived 

from 5,10-MTHF has to be 
13

C-labeled as 

glycine is unlabeled and the product serine is 

[3-
13

C1]-labeled. The labeling of the 

hydroxymethyl donor in 5,10-MTHF can be 

explained by linking glucose catabolism with 

the synthesis and regeneration of the one 

carbon pool. An essential reaction in the 

synthesis of 
13

C-labeled 5,10-MTHF in the 

experiment with [U-
13

C6]glucose is the 

conversion of [U-
13

C3] pyruvate to 
13

C-formate 

and [U-
13

C2]acetyl-CoA via the pyruvate 

formate lyase (pfl, SPD_0420, [2.3.1.54]). The 

key role of PFL in the formation of formate 

has previously been reported (47). 
13

C-Formate 

is added to THF leading via 5-formyl-THF to 

5,10-MTHF containing 
13

C at the methylene 

position (Fig. 5D). The enzymes formate-

tetrahydrofolate ligase (fhs, SPD_1087, 

[6.3.4.3]) and methylene tetrahydrofolate 

cyclohydrolase (folD, SPD_0721, [3.5.4.9]) 

catalyze under ATP consumption the 

formation of 5,10-MTHF. All the enzymes 

required to synthesize folate and THF are 

annotated in the pneumococcal genomes. For 

example, the enzyme dihydropteroate synthase 

(folP, SPD_0269, [2.5.1.15]) catalyzes the 

formation of 7,8-dihydropteroate from 

condensation of 4-aminobenzoate (4-AB) with 

2-amino-4-hydroxy-6-hydroxymethyl-7,8-

dihydropteridine diphosphate (7,8-

dihydropterin PP). The dihydrofolate synthase 

and dihydrofolate reductase (folC/folA, 

SPD_0183/1401) catalyze then the conversion 

of 7,8-dihydropteroate via 7,8-dihydrofolate to 

folate and/or THF. The precursor of 4-AB is 

chorismate, while 7,8-dihydropterin-PP is 

generated in seven reactions from guanosin-5´-

triphosphate (Fig. 5D).  

In the experiments with [1,2-
13

C2]glucose, 

Ser acquired the 
13

C-label only at low rates 

(5.7% 
13

C1) (Fig. 5A; for numerical values see 

supplemental Table S5). This is in accordance 

with a reaction trajectory starting from [1,2-

http://www.genome.jp/kegg-bin/show_%20pathway?spd00290
http://www.genome.jp/kegg-bin/show_%20pathway?spd00290


 8 

13
C2]glucose to [2,3-

13
C2]pyruvate via the EMP 

pathway that gives rise to an unlabeled formate 

in the PFL reaction. Taken together, Ser 

formation is linked with the PFL reaction in 

pneumococci where its substrate pyruvate is 

derived from glucose via glycolysis. 

 

The Embden-Meyerhof-Parnas pathway is 

the major pathway for glucose catabolism – In 

order to dissect the metabolic pathways used to 

catabolize glucose, the relative amounts of Ala, 

Asp, and Thr isotopologues were compared 

after growth of pneumococci in CDM with [U-
13

C6]glucose or [1,2-
13

C2]glucose, respectively. 

Pneumococci take up glucose by the PTS 

(glucose-specific IIA component) and 

phosphorylate it to glucose-6-phosphate. 

Pneumococci can catabolize glucose only via 

the EMP and PPP as they lack the Entner-

Doudoroff pathway (ED) (17). As mentioned, 

Ala is generated through conversion of 

pyruvate, which represents a major 

intermediate of the glycolysis. Isotopologue 

experiments with [U-
13

C6]glucose revealed that 

87.2% of Ala is universally 
13

C3-labeled (Fig. 

3A and 6). The precursors of Asp and Thr are 

PEP and oxaloacetate, both containing three 
13

C-isotopologues when using [U-
13

C6]glucose. 

The GC/MS analysis indeed showed 39.5 

mol% 
13

C3- Asp and 56.8 mol% 
13

C3-Thr 

(Fig.3A and 6).  

The relative contributions of EMP and 

PPP in glucose utilization were estimated on 

the basis of the labeling patterns of Ala, Asp, 

and Thr from the experiment with [1,2-
13

C2]glucose (Fig. 6B). The GC/MS analysis 

showed that both 
13

C atoms of the tracer were 

transferred to Ala, Asp, and Thr at similar rates 

of 36.2%, 25.2%, and 28.1%, respectively 

(Fig. 6; for all numerical values see 

supplemental Table S5). In comparison, the 

incorporation rates into these amino acids were 

approximately two times higher in the 

experiment with of [U-
13

C6]glucose (Fig. 2A, 

supplemental Table S3). The lower 
13

C 

enrichment from [1,2-
13

C2]glucose can be 

easily explained by the fact that both halves of 

the supplied glucose, i.e. C1 – C3 and C4 – C6, 

respectively, contribute to the formation of the 

early precursors for Ala, Asp and Thr. As a 

consequence, only the transfer rates will be 

50% in the experiment with [1,2-
13

C2]glucose 

in comparison to [U-
13

C6]glucose. In 

accordance to the metabolic model shown in 

Fig. 6, it can be concluded that the major 

fraction of glyceraldehyde-3-phosphate (GAP) 

molecules, representing the precursor of 

PEP/Asp/Thr and pyruvate/Ala, are generated 

via the EMP and not via the PPP involving the 

glucose-6-phophate dehydrogenase reaction.  

During glycolysis (EMP) the glucose-6-

phosphate is metabolized to fructose-1,6-

bisphosphate (Fru-1,6-bisP), still containing C1 

and C2 of the carbon source [1,2-
13

C2]glucose. 

Then, Fru-1,6-bisP is cleaved by the fructose-

bisphosphate aldolase (fba, SPD_0526, 

[4.1.2.13]) into GAP and dihydroxyacetone 

phosphate DHAP, which contains both 
13

C-

atoms. The rapid triosephosphate-isomerase 

(SPD_1404; [5.3.1.1]) catalyzes the 

interconversion between the isomers DHAP 

and GAP, so that both 
13

C-atoms of the carbon 

source are found in 50% of GAP. In contrast, 

GAP molecules generated by the oxidative 

PPP will remain unlabeled in experiments with 

[1,2-
13

C2]glucose as the precursors of GAP, the 

xylulose-5-phosphate and D-ribulose-5-

phosphate, contain at position 1 only one 
13

C 

atom arising from the C-2 of [1,2-
13

C2]glucose. 

In the subsequent transketolase reaction the 
13

C-label of xylulose-5-phosphate is 

transferred to D-ribose-5-phosphate yielding 
13

C2-labeled sedulose-7-phosphate and 

unlabeled GAP (Fig. 6C). Notably, during the 

oxidative PPP the 
13

C atom at position C-1 of 

[1,2-
13

C2]glucose is lost during 

decarboxylation of the 6-phospho-gluconate, 

which is catalyzed by the 6-P-gluconate-

dehydrogenase (SPD_0343; [1.1.1.44]). The 

products are 
13

CO2 and D-[1-
13

C]ribulose-5-P 

(Fig. 6C). Considering a potential efficient 

carbon flux via this route of the PPP, the 

formed 
13

CO2 should be re-incorporated at 

least in part into those products which are 

formed by carboxylation, e.g. 

oxaloacetate/Asp/Thr. However, our 

experimental data do not support this 

hypothesis. In conclusion, the results strongly 

suggest that under the conditions used in the 

isotopologue experiments glucose is mainly 

catalyzed via the EMP. 

 

Isotopologue profiling of virulence 

attenuated pavA, codY and zwf 

pneumococcal mutants – To assess the impact 

of the metabolic regulator CodY, the enzyme 

G6PDH (encoded by zwf), which is a central 

enzyme in the PPP and converts glucose-6-

phosphate into D-glucono-1,5-lactone-6-

phosphate, and the virulence factor PavA on 

the central amino acid biosynthesis, 

isotopologue experiments were conducted with 
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universally labeled [U-
13

C6]glucose. All three 

pneumococcal mutants D39pavA, D39codY, 

and D39zwf showed no growth defects in the 

complex medium THY, however, in CDM the 

codY-mutant showed a significant reduced 

growth rate (data not shown). Previous studies 

demonstrated that the mutants were impaired 

in adherence and/or attenuated in mice 

infection models (16,27,35,48,49). It is 

noteworthy here that the codY-mutant 

generated in this study contains, similar to the 

mutant constructed by Hendriksen et al. (27), a 

suppressor mutation in amiC (data not shown), 

which is part of the amiACDEF operon 

encoding an ABC transporter (50). This 

confirms a previous study, which suggested 

that CodY is essential for pneumococcal 

viability due to its involvement in amino acid 

transport systems, regulation of oxidative 

stress, and iron consumption (51). The 

comparison of the isotopologues profiles 

between the wild-type and isogenic mutants 

demonstrated similar levels of amino acid 

labeling for all four strains (Fig. 7; for 

numerical values see supplemental Tables S3, 

S6-S8). Importantly, the total amino acid 

content was also similar for all strains (Fig. 

7D). These results suggest that the carbon 

metabolism and glucose utilization was not 

affected due to loss of function of CodY, 

PavA, or G6PDH. Furthermore, isotopologues 

experiments conducted with [1,2-
13

C2]glucose 

and the zwf-mutant confirmed that glucose is 

predominantly catabolized via the EMP as the 

percental allocation of isotopologues in Ala, 

Asp, and Thr, respectively, showed no 

significant differences between the wild-type 

and the zwf-mutant (Fig. 7C). 

 

 

DISCUSSION 

In this study the central carbon and amino 

acid metabolism of pneumococci was analyzed 

by comprehensive isotopologue profiling under 

defined culture conditions with amino acids 

and glucose as potential carbon sources. 

Pneumococci conduct a fermentative 

metabolism regardless of oxygen, which is 

consistence with the lack of genes encoding 

enzymes of the TCA. The central carbon 

metabolism generates predominantly pyruvate 

or lactate in homolactic fermentation of 

glucose, NADH, and ATP. However, under 

sugar limitation or in the presence of carbon 

sources such as galactose, a mixed-acid 

fermentation is preferred, which results in the 

formation of ethanol, acetate and formate (47). 

Given the fact that the host niches encountered 

by pneumococci represent, with the exception 

of the blood, nutrient-limited niches but are 

rich in glycoproteins with O- and N-linked 

glycans containing e.g. galactose, 

pneumococci have to adapt to these different 

sets of nutrients and carbon sources (17,19,52). 

In fact, pneumococci are equipped with a 

broad range of transporters whose impact on 

bacterial fitness and virulence has been 

reported to some extent. Moreover, 

pneumococci are able to utilize mucin as 

carbon source (15,40,47,53-58). This also 

raises the hypothesis that pneumococci prefer 

uptake, break down and catabolism of 

nutrients, peptides, and amino acids instead of 

their de novo synthesis.  

The analysis of pneumococci cultured in 

chemical defined medium, whose complete 

mixture contains glucose and all twenty amino 

acids, allowed to study the effect of amino acid 

deprivation on cell proliferation. The data 

revealed that under these conditions 

pneumococci are auxotrophic for Arg, Cys, 

Gln, Gly, His, and the branched-chain amino 

acids Leu, Ile, and Val, respectively. The 

remaining amino acids may be converted from 

available amino acids or are synthesized from 

intermediates of the carbohydrate catabolism. 

The results of the amino acid deprivation 

experiments (Fig. 1) and the proposed de novo 

synthesis of amino acids by pneumococci were 

confirmed by the 
13

C incorporation rates 

measured for individual amino acids after 

culturing pneumococci in the presence of [U-
13

C6]glucose. The isotopologue profiling 

showed the formation of 
13

C3-isotopologues in 

Ala, Asp, and Thr at high rates, universally 

labeled Tyr and Phe at low rates, and, 

surprisingly, a 
13

C1-labeled Ser, again at high 

rates. In contrast, Gly, Glu, His, Pro and the 

BCAAs Ile, Leu, and Val remained unlabeled. 

The results corroborate previous studies 

showing that a deficiency of ABC transporters 

for Gln or BCAA (LivJHMGF) impairs 

pneumococcal growth and virulence 

(15,26,40). Pneumococci seem to prefer uptake 

of BCAAs under in vitro conditions, although 

genes encoding enzymes for a de novo 

synthesis of BCAAs were annotated in the 

genomes. The expression of these genes and 

their functional role warrants therefore further 

analysis. As a general rule one can predict that 

alterations in amino acid metabolism influence 

the virulence potential of pathogenic 



 10 

microorganisms and most likely also the 

physiology and fitness of nonpathogenic 

microorganisms. For example, deficiencies in 

amino acid synthesis in Salmonella enterica 

serovar Typhimurium impaired survival in 

murine infection models (59-62). Furthermore, 

microorganisms utilize amino acids as carbon 

sources such as the lung pathogen 

Legionella pneumophila (13,63,64).  

The isotopologue profiles and analysis of 

the genome data indicate that pneumococci 

synthesize Ala conventionally from pyruvate. 

The alanine transaminase transfers the amino 

group from glutamate to pyruvate which forms 

alanine and α-ketoglutarate. The precursor of 

Asp and Thr, oxaloacetate, is synthesized by 

carboxylation of PEP by the PEP carboxylase 

in S. pneumoniae, a reaction which requires 

endogenously produced or externally gained 

CO2. Oxaloacetate is then converted into Asp, 

catalyzed by the aspartate transaminase, while 

Glu is simultaneously converted into α-

ketoglutarate. Threonine is then synthesized 

from Asp via several intermediates such as e.g. 

homoserine. 

In part, the metabolic network is similar to 

Listeria monocytogenes, where oxaloacetate is 

also made by carboxylation. However, in 

L. monocytogenes oxaloacetate is obtained by 

carboxylation of pyruvate and not PEP. In 

contrast to pneumococci the PEP carboxylase 

is not produced by L. monocytogenes (12).  

In pneumococci, Gln is an essential amino 

acid and Glu deprivation results in growth 

defects. According to these results the 

isotopologue profiling showed no 
13

C excess 

for Glu suggesting that also α-ketoglutarate 

remained unlabeled which is synthesized from 

glutamate via the aspartate transaminase. 

Pneumococci produce Gln uptake systems, 

which are regulated by GlnR and the glutamine 

synthetase GlnA (15,26). These data suggest 

that pneumococci are unable to synthesize 

these amino acids de novo and as both amino 

acids are major intermediates of biosynthetic 

pathways such as the de novo synthesis of 

aspartate or nucleotides, insufficient Gln levels 

decelerate pneumococcal proliferation. In 

contrast, Glu is non-essential in L. 

monocytogenes and synthesized from 

α-ketoglutarate, which is formed via 

condensation of oxaloacetate and acetyl-CoA 

followed by decarboxylation (14). Similarly, 

α-ketoglutarate and oxaloacetate serve as 

precursors for Glu and Asp, respectively, in L. 

pneumophila. In these microorganisms, 

oxaloacetate is formed by the complete TCA 

or by carboxylation of pyruvate (13). 

Despite the low 
13

C excess of nonessential 

aromatic amino acids Phe and Tyr in 

isotopologue experiments with [U-
13

C6]glucose, the data and genome analysis 

indicated their de novo synthesis in S. 

pneumoniae via chorismate. This pathway is 

also used by L. monocytogenes, whose 

isotopologue composition of Tyr and Phe 

further reflected the isotopologue composition 

of PEP and erythrose-4-phosphate, the 

precursors of chorismate and hence, Phe and 

Tyr (14).  

A remarkable and untypical 
13

C labeling 

was measured for Ser and Gly. Pneumococci 

cultured in CDM supplemented with [U-
13

C6]glucose showed unlabeled Gly, which is 

in accordance with their auxotrophy for Gly, 

and only a 
13

C1-isotopologue in Ser. The 

analysis by isotopologue profiling with [U-
13

C2]glycine confirmed that serine is not 

synthesized from 3-phosphoglycerate, but by 

hydroxymethylation of Gly as reflected by 
13

C2-isotopologues in Gly and Ser. The 

reaction used by pneumococci to fill up their 

Ser pool is rather unconventional among 

bacterial species. Most bacterial species prefer 

the reverse reaction, where the SHMT 

catalyzes the conversion of Ser to Gly. The de 

novo synthesis of Ser in bacteria involves 

typically dehydrogenation of 3-

phosphoglycerate, which is followed by 

reductive transamination and 

dephosphorylation. This pathway has been 

reported for S. thermophilus (65,66) and also 

L. monocytogenes  (12,14). In L. pneumophila 

Ser supports the growth and serves as a major 

carbon substrate (13). In pneumococci the 

conversion of Gly to Ser is catalyzed by the 

SHMT (serine hydroxymethyltransferase) 

encoded by glyA (SPD_0910) and gene 

expression was confirmed by RT-PCR. As Gly 

is essential under the used in vitro conditions, 

one may conclude that loss of function of 

SHMT is lethal for pneumococci and that this 

enzyme may represent a novel drug target. 

Moreover, enzymes linked to serine 

biosynthetic pathway are enzymes involved in 

the regeneration of the one carbon pool by 

folate and the pyruvate formate lyase PFL. The 

latter generates formate from pyruvate and 

formate is then added to THF to produce 

formyl-THF which is then converted to 5,10-

MTHF. The importance of PFL for 

pneumococcal fermentative metabolism and 
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virulence has recently been reported (47). As 

the genes for the pyruvate dehydrogenase 

complex, converting pyruvate to CO2 and 

acetyl-CoA, are absent in pneumococci, the 

PFL is also essential for the mixed-acid 

fermentation of sugars others than glucose 

(17,19,47,67). The PFL-deficiency in 

Staphylococcus aureus had pleiotropic effects 

and the pathogen was unable to produce 

formate. Apparently, the S. aureus PFL is 

essential to refill the formyl-THF pool (68). In 

this study we further show now a link between 

the function of PFL and Ser synthesis. As 

formate is essential in pneumococci due to its 

role in Ser synthesis, this is probably one of the 

reasons for the importance of PFL for 

pneumococcal metabolism and virulence. In 

turn, PFL may also represent a promising drug 

target. 

The genome sequences of pneumococci 

indicated the presence of the EMP and the 

PPP, but not of the ED and TCA. Pneumococci 

are incapable of respiratory metabolism and 

the only nutrients from which they can get 

sufficient energy are carbohydrates (17,69). 

Pneumococci have a wide substrate utilization 

range for sugars and the genome data suggest 

that they can use the glycolysis (EMP) for 

catabolism of over twelve different sugars 

including glucose, sucrose, or cellobiose and 

the PPP to catabolize C5 sugar alcohols 

(pentitols). Pneumococci use PEP-dependent 

phosphotransferase systems and energetically 

less-efficient ABC transporters to import 

carbohydrates (17). The isotopologue profiling 

using [U-
13

C6]- and [1,2-
13

C2]glucose 

suggested the EMP as the main route of 

glucose catabolism.  A major role of the PPP 

involving the oxidative branch can be excluded 

on the basis of the labeling patterns in amino 

acids from the experiment with [1,2-
13

C2]glucose. However, genes encoding 

enzymes of the non-oxidative part of the PPP 

are also existent in pneumococci such as the 

transketolase (tk, SPD_1839, [2.2.1.1]) and 

transaldolase (talC, SPD_0236, [2.2.1.2]). This 

implies that pneumococci have the capability 

to synthesize fructose-6-phosphate from GAP. 

Assuming carbon flux in the PPP using [1-
13

C]ribulose phosphate and [2,3-
13

C2]GAP a 

mixture of [5,6-
13

C2]- and [1,3-
13

C2]fructose 6-

phosphate is generated. Taking 

[1,3-
13

C2]fructose-6-phosphate as substrate in 

the EMP pathway, GAP may also occur as 

[1,3-
13

C2]-isotopologue. Following the 

reactions of the metabolic model shown in Fig. 

6, PEP, pyruvate and oxaloacetate are also 

labeled at C-1 and C-3 positions. Direct 

experimental evidence for a minor flux via this 

complex metabolic route is provided by the 

detection of a 
13

C1-species at low 

concentrations in Ser from the experiment with 

[1,2-
13

C2]glucose (Fig. 5A). In the absence of 

flux via the PPP, Ser would be unlabeled as 

formate is derived from the C-1 atom of 

pyruvate, which is unlabeled when generated 

only via the EMP in presence of [1,2-
13

C2]glucose (Fig. 6C). In accordance with 

carbon metabolism predominantly via the 

EMP, the 
13

C-excess in amino acids of the zwf-

mutant, encoding the first enzyme of the PPP, 

namely glucose-6-phosphate dehydrogenase, 

was similar to that measured for the wild-type. 

The pavA- and codY-mutant cultured with [U-
13

C6]glucose showed also no differences in the 

labeling pattern of amino acids. This 

strengthens the hypothesis that PavA 

modulates only the functional activity of 

surface-exposed virulence factors (35) and that 

loss of function of the global regulator CodY is 

lethal in pneumococci. CodY has an essential 

role in regulating the amino acid transport, 

oxidative stress, and iron consumption as well, 

and a defect in CodY was can only be 

compensated by a suppressor mutation (51).  

In conclusion, this study indicated that 

pneumococci use an unconventional pathway 

to synthesize Ser and that glucose and most 

likely also other carbon sources are 

metabolized predominantly via the EMP. The 

high number of uptake systems and the 

simplified biosynthesis pathways may point to 

the robustness and adaptation of this 

extracellular pathogen to its different host 

niches. In pneumococci the dual utilization of 

carbohydrates and amino acids seems to be a 

prerequisite for the success of the pathogen to 

encounter the various host niches and causing 

severe infectious diseases. However, this study 

also provides evidence that the elucidation of 

bacterial metabolism and metabolic flux offers 

the possibility to find novel drug targets such 

as the SHMT or PFL in pneumococci. 
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FIGURE LEGENDS 

 

 

FIGURE 1.  S. pneumoniae D39 cultured in CDM with glucose as carbon source is auxotrophic 

for amino acids Cys, Arg, Gln, Gly, His, Ile, Leu, and Val. 

Pneumococcal growth was monitored in chemical defined medium (CDM) with glucose as the sole 

carbohydrate source and cultures were individually depleted (A) for uncharged (Asn, Gln, Ser, or Thr), 

(B) charged (Glu, Asp, His, Lys, or Arg), (C) branched chained (Ile, Leu, or Val), (D) aliphatic (Pro, 

Gly, or Ala), (E) sulfur containing (Met or Cys) or (F) aromatic amino acids (Phe, Tyr, or Trp). 

Growth of S. pneumoniae D39 in complete CDM is included in all panels and the experiments were 

performed at least three times. Results are shown for representative growth curves monitored in 

parallel. 

 

 

FIGURE 2.  Profiling of the metabolism in S. pneumoniae on the basis of 
13

C-incorporation into 

amino acids from [U-
13

C6]glucose.  

A. Overall 
13

C excess (%) of labeled isotopologues in amino acids derived from proteins after 

cultivation of S. pneumoniae D39 with 55.5mM [U-
13

C6]glucose in CDM. Multiple 
13

C-labeled 

isotopologues were determined by GC/MS spectroscopy. The color map indicates 
13

C excess in a 

logarithmic form. The results of three independent biological experiments each measured in triplicate 

(a, b, c) and the means are shown.  

B. Schematic overview of a metabolic model for the de novo synthesis of amino acids in 

S. pneumoniae D39 as concluded from the incorporation of 
13

C incorporation experiments and from 

the genome data. As core metabolic pathway serve the: Embden-Meyerhof-Parnas (EMP) and pentose 

phosphate pathway (PPP), as well as the pyruvate formate lysase reaction. Important intermediates and 

products of these pathways are shown in white boxes. Amino acids in red boxes indicate incorporation 

of 
13

C-label from [U-
13

C6]glucose, amino acids in blue boxes displayed no significant 
13

C-label, while 

amino acids in grey boxes could not be detected with the GC/MS method. 

C. RT-PCR of genes encoding central metabolic enzymes of the EMP, PPP and amino acids synthesis 

(ppc, aspC, aroC, zwf, glyA, ilvB or ilvE), regulator codY, virulence factor pavA, or zwf mutant using 

chromosomal DNA of S. pneumoniae D39Δcps and isogenic mutantsD39ΔcpsΔcodY, D39ΔcpsΔpavA 

or D39ΔcpsΔzwf. 

aspC, aspartate aminotransferase (SPD_1373, [2.6.1.1]); aroC, chorismate synthase (SPD_1208, 

[4.2.3.5]; glyA, serine hydroxymethyltransferase (SHMT) (SPD_0910, [2.1.2.1]); ppc, 

phosphoenolpyruvate carboxylase (SPD_0953, [4.1.1.31]); zwf, glucose-6-phosphate dehydrogenase 

(SPD_1100, [1.1.1.49]); ilvB, acetolactate synthase (SPD_0404, [2.2.1.6]); ilvE, BCAA 

aminotransferase (SPD_0749, [2.6.1.42]); eno, Enolase (SPD_1012, [4.2.1.11]); codY (SPD_1412), 

pavA (SPD_0854). 

 

 

FIGURE 3. Schematic models of de novo syntheses of amino acids derived from [U-
13

C6]glucose.  

A. Model of the de novo synthesis of alanine, aspartate and threonine.  

B. Model of the de novo synthesis of aromatic acids by the shikimate pathway.  

Multiple 
13

C-labeling is indicated by orange bars connecting 
13

C-labeled atoms in a given molecule. 

Amino acids shown in red boxes indicate 
13

C-enriched amino acids, while the blue box indicates 

uptake of the amino acid from the medium. The  relative contributions in % of the isotopomer groups 

comprising different numbers of 
13

C-labeled atoms, as determined by mass spectrometry (M+0, M+3, 

M+4, M+9), are given. Tryptophan is not detectable by the applied GC/MS method.  

PEP, phosphoenolpyruvate; E-4P, erythrose-4-phosphate; Pyr, pyruvate; OAA, oxaloacetate; α-KG, α-

ketoglutarate; Ala, alanine; Glu, glutamate; Asp, aspartate; Thr, threonine Tyr, tyrosine; Phe, 

phenylalanine; aspC, aspartate aminotransferase (SPD_1373, [2.6.1.1]); aroC, chorismate synthase 

(SPD_1208, [4.2.3.5]); ppc, phosphoenolpyruvate carboxylase (SPD_0953, [4.1.1.31]); zwf, glucose-

6-phosphate dehydrogenase (SPD_1100, [1.1.1.49]). 
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FIGURE 4. Hypothetical synthetic pathways leading to branched amino acids in S. pneumoniae 

cultured in CDM supplemented with [U-
13

C6]glucose. 

Multiple 
13

C-labeling in potential precursors is indicated by orange bars connecting 
13

C-labeled atoms 

in a given molecule. 
13

C-Enrichment in Thr is detected and indicated by the red box. The 
13

C-

enrichment in pyruvate is predicted from the corresponding labeling of Ala. Blue boxes indicate the 

absence of 
13

C-enrichment in Ile, Val and Leu. For more details, see legend to Figure 3B. The most 

essential enzymes are the acetolactate synthase (ilvB), and BCAA aminotransferase (ilvE). 2-OxBu, 2-

oxobutanoate; 2HyEt-ThPP, 2-hydroxyethyl-thiamine pyrophosphate; (S)-2Ac-2HyBu, (S)-2-Aceto-2-

hydroxybutanoate; (S)-2AcLac, (S)-2-Acetolactate; (S)-3M-2OxPe, (S)-3-Methyl-2-oxopentanoate; 

4M-2OxPe, 4-Methyl-2-oxopentanoate. 

 

 

 

 

FIGURE 5. Pneumococcal synthesis of serine by hydroxymethylation of glycine.  

A. Relative fractions of 
13

C-isotopologues in serine and glycine in the experiments with [U-
13

C6]glucose, [1,2-
13

C2]glucose or [U-
13

C2]glycine, respectively . The colored boxes indicate the 

relative contributions in percent of isotopologues with 0, 1, 2 or 3 
13

C-atoms (M+0, M+1, M+2, M+3, 

respectively) in the overall enrichments of serine and glycine. The values represent the means of three 

technical replicates. 

B. Reaction model of de novo synthesis of serine in CDM supplemented with [U-
13

C6]glucose. The 

molar abundances of isotopomers (M+0, M+1, M+2) is listed. 

C. Reaction model of de novo synthesis of serine in CDM supplemented with [U-
13

C2]glycine. 

Multiple 
13

C labeling is indicated by orange bars connecting 
13

C-labeled atoms in a molecule and 

labeling of one carbon atom by 
13

C in a given molecule is depicted by a red circle.  

D. Biosynthesis and regeneration of 5,10-MTHF in pneumococci. 
13

C-labeling is shown for pyruvate 

and carbon atoms derived thereof in formate and 5,10-MTHF.  

glyA, serine hydroxymethyltransferase (SHMT) (SPD_0910, [2.1.2.1]). THF, tetrahydrofolate; 5,10-

MTHF, N
5
,N

10
-methylene tetrahydrofolate; GTP, guanosine triphosphate; pabAB, para-aminobenzoate 

synthase; folA, dihydrofolate reductase; folC, folylpolyglutamate synthase; folD, 5,10-methylene-

tetrahydrofolate cyclohydrolase; folP, dihydropteroate synthase; pfl, pyruvate formate lyase; fhs, 

formate tetrahydrofolate ligase; R, N-benzoyl-L-glutamate. 

 

 

 

FIGURE 6. Metabolic profiling of fluxes via the EMP and the PPP on the basis of 
13

C-labeling 

experiments.  

A. Overall 
13

C excess (%) in amino acids derived from proteins after cultivation of S. pneumoniae D39 

in CDM supplemented with 27.8mM [1,2-
13

C2]glucose. The color map indicates 
13

C excess in a 

logarithmic form. The results of three independent experiments measured in triplicate (a, b, c) and the 

means are shown. 

B. Relative fractions of isotopologues in certain amino acids relevant to discriminate fluxes via the 

EMP and the PPP in experiments with [U-
13

C6]glucose (cf. also Figure 2A) and [1,2-
13

C2]glucose. The 

colored boxes indicate the relative contributions in percent of carbon-isotopologues (M+0, M+1, M+2, 

M+3, and M+4 in different colors) in the overall enrichments. 

C. Metabolic model for glucose utilization of S. pneumoniae D39 in CDM supplemented with [U-
13

C6]glucose (
13

C-label shown by red lines) or [1,2-
13

C2]glucose (
13

C-label shown by blue lines). 

Labeling patterns were detected in protein-derived amino acids (shown in boxes). Multiple 
13

C-labeled 

isotopologues determined by GC/MS are depicted as colored bars connecting 
13

C atoms in a molecule. 

Red bars indicate labeling in EMP and PPP with [U-
13

C6]glucose as C-source and blue bars with [1,2-
13

C2]glucose as C-source in CDM. 

EMP, Embden-Meyerhof-Parnas; PPP, pentose phosphate pathways; α-D-glc-6P, α-D-Glucose-6P; D-

glc-1,5lac-6P, D-Glucono-1,5-lactone-6P; DHAP, Dihydroxy-acetone-phosphate; D-Fru-1,6-bisP, D-

Fructose-1,6-bisP; GAP, Glyceraldehyde-3P; D-rib-5P, D-Ribulose-5P; D-xyl-5P, D-Xylulose-5P; 

PEP, phosphoenolpyruvate; Pyr, pyruvate; OAA, oxaloacetate; α-KG, α-ketoglutarate 
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FIGURE 7. Impact of PavA-, CodY- or Zwf-deficiency on pneumococcal fitness and 
13

C isotopologue profiles in amino acids after growth in CDM supplemented with [U-
13

C6]- or 

[1,2-
13

C2]glucose. 

A. and B. Overall 
13

C excess (%) of 
13

C-labeled amino acids of pneumococcal mutants ∆codY, ∆pavA 

and ∆zwf, respectively, compared to the isogenic wild-type D39cps after cultivation of bacteria in 

CDM supplemented with 55.5mM [U-
13

C6]glucose. The color map (A) indicates 
13

C excess in a 

logarithmic form. Each experiment was performed in triplicate (a, b, c) and the wild-type column 

shows the mean value of three independent experiments. The columns in (B) show the same values 

and the standard deviations from the three technical replicates.  

C. Overall 
13

C excess (mol%) of 
13

C-labeled amino acids of the mutant D39cpszwf compared to its 

isogenic D39cps after cultivation of bacteria in CDM supplemented with 27.8mM [1,2-
13

C2]glucose. 

D. Amino acid concentrations (µM) in pneumococci after growth in CDM. The total amino acid 

content was determined by 
1
H-NMR. 
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